Human U1 and U6 snRNA genes are transcribed by RNA polymerases II and III, respectively. While the p53 tumor suppressor protein is a general repressor of RNA polymerase III transcription, whether p53 regulates snRNA gene transcription by RNA polymerase II is uncertain. The data presented herein indicate that p53 is an effective repressor of snRNA gene transcription by both polymerases. Both U1 and U6 transcription in vitro is repressed by recombinant p53, and endogenous p53 occupancy at these promoters is stimulated by UV light. In response to UV light, U1 and U6 transcription is strongly repressed. Human U1 genes, but not U6 genes, contain a high-affinity p53 response element located within the core promoter region. Nonetheless, this element is not required for p53 repression and mutant p53 molecules that do not bind DNA can maintain repression, suggesting a reliance on protein interactions for p53 promoter recruitment. Recruitment may be mediated by the general transcription factors TATA-box binding protein and snRNA-activating protein complex, which interact well with p53 and function for both RNA polymerase II and III transcription.
The p53 tumor suppressor protein plays a critical role in preventing unwarranted cellular proliferation by activating transcription of key target genes that influence cell growth and apoptosis (reviewed in references 28, 31, 35, and 64) . Though p53 can enable both pathways, the switch controlling which cellular outcome is enacted is uncertain (reviewed in references 65 and 66), but both the p53 level and the nature of the DNA damage can influence apoptotic response (8) . Altogether, p53 activity serves to prevent passage of mutations to daughter cells after DNA damage.
Recent evidence suggests that p53 regulates transcription of genes that are not obviously involved in controlling cell cycle arrest or apoptosis. Indeed, p53 can repress RNA polymerase I (3, 72) and III (5, 9) transcription of genes encoding a variety of nontranslated RNAs that play critical roles at numerous points during global gene expression. RNA polymerase III activity is elevated in p53 Ϫ/Ϫ knockout fibroblasts (5) and in a variety of cancer-derived cell lines that lack p53 function (57) . However, the mechanism for p53 regulation of RNA polymerase III transcription is controversial. A kinetic analysis of RNA polymerase III repression using p53 expressed from a stably integrated inducible p53 gene suggested that RNA polymerase III repression is mediated indirectly through p53-dependent degradation of TFIIIB (11) . In contrast, recombinant p53 can repress in vitro transcription from a variety of RNA polymerase III-specific promoters and can interact with components of the general transcription machinery required for RNA polymerase III transcription (5, 9, 10, 58) , indicating that p53 might directly repress transcription by RNA polymerase III.
Within the group of genes transcribed by RNA polymerase III, the human snRNA gene family is intriguing because these genes contain similar sets of promoter elements, and yet only some genes are transcribed by RNA polymerase III while others are transcribed by RNA polymerase II (see references 19, 23, 24 , and 42 for review). Regardless of polymerase specificity, human snRNA genes contain a distal sequence element in the upstream promoter region that serves as the recognition element for activator proteins, including Oct-1, STAF, and Sp1 (33, 54) . These factors activate transcription from the core promoters that commonly contain a proximal sequence element (PSE). The PSE is directly recognized by a general transcription factor called the snRNA activating protein complex (SNAP C ) (52) , which is also known as the PSE transcription factor (49) . SNAP C is involved in human snRNA gene transcription by both RNA polymerases II and III (20-22, 51, 69) . RNA polymerase III-transcribed snRNA genes also contain a TATA box that serves to recruit the TATA-box binding protein (TBP) as part of an snRNA-specific TFIIIB complex (45, 55, 60) . The conservation of important promoter elements among human snRNA genes suggests that transcription of these genes by RNA polymerases II and III may be coordinately regulated. However, it is not known whether p53 can regulate human snRNA gene transcription by RNA polymerase II. A role for p53 in this process is suggested from two sources. Firstly, in response to UV light treatment, human U1 and U2 snRNA genes exhibit a delayed and prolonged reduction in transcription by RNA polymerase II (14, 47, 48) . In part, this reduction may be attributable to increased hyperphosphorylation of the carboxy-terminal domain of the RNA polymerase II largest subunit in response to UV light (27) . However, in normal human diploid fibroblasts, the balance of hyper-and hypophosphorylated RNA polymerase II is restored by 6 h after UV light treatment (46) , suggesting additional cellular mechanisms that enable snRNA gene repression after UV light exposure.
Potentially, p53 activation by DNA damage might play a direct role in the prolonged repression of these genes.
Secondly, infection of human cells by adenovirus serotype 12 causes metaphase fragility at four chromosomal sites, including the U1 snRNA (RNU1) and U2 snRNA (RNU2) loci (1, 36) , in a process that requires p53 (38, 39) . It was postulated that fragile site formation occurs during viral infection, because RNA polymerase II stalls at these genes and interferes with chromosome condensation during metaphase (37) . Interestingly, p53 that harbors mutations in the DNA binding domain supports fragile site formation (39) , and overexpression of the C-terminal domain of p53 alone, which lacks the DNA binding domain, induces fragility during transient transfection (71) . Together, these data indicate that p53 is important for generation of fragile sites at the U1 and U2 snRNA gene loci and may play a role in regulation of these genes in a fashion that does not require sequence-specific binding of p53 to DNA.
In this study, the role of p53 in governing human snRNA gene transcription by RNA polymerase II and III was examined. We show that recombinant p53 represses both U1 and U6 transcription by RNA polymerase II and III, respectively. Repression is supported by the C-terminal region of p53 alone, indicating that sequence-specific DNA binding by p53 is not critical for repression. Both the full-length and C terminus of p53 alone can associate with the U1 and U6 promoters during repression, and promoter recruitment may be assisted through interactions with the general transcription factors SNAP C and TBP, which are commonly required for transcription of both U1 and U6 snRNA genes. In vivo, p53 can bind to both U1 and U6 snRNA genes in untreated human MCF-7 cells, and promoter occupancy is stimulated after UV light treatment. These results further indicate that p53 contributes to snRNA gene regulation in response to DNA damage.
MATERIALS AND METHODS
Cell culture and UV irradiation. Human MCF-7 and HeLa cells were maintained in Dulbecco's modified Eagle's medium supplemented with penicillinstreptomycin and 10% (MCF-7) or 5% (HeLa) fetal bovine serum. Cells grown to 70 to 80% confluence were washed with phosphate-buffered saline and irradiated with 50 J of UV light (254-nm peak)/m 2 by using a UV Stratalinker (Stratagene). After irradiation, growth medium was added and cells were incubated at 37°C under 5% CO 2 for the indicated times. Additionally, HeLa cells were grown to 50% confluence in 150-mm plates and were then transiently transfected with 2.5 g of the pRc/RSV or pRc/RSV-p53-Flag.wt plasmids by using Lipofectin reagent (Invitrogen) for 6 h. Subsequently, the medium was replaced and cells were incubated for 48 h for further analysis in nuclear run-on assays.
Nuclear run-on assays. Nuclear run-on assays were performed as described elsewhere (6) in the presence of [␣-32 P]UTP using approximately 10 7 nuclei that were isolated from MCF-7 or HeLa cells before or 8 h after exposure to UV light. Additional assays were performed using HeLa cells transiently transfected with pRc/RSV or pRc/RSV-p53-Flag.wt as described. Labeled RNA was recovered and hybridized to a nitrocellulose membrane containing approximately 7 g of U1, U6, and 5S rRNA target gene DNAs or 10 g of pUC119 plasmid DNA, as a negative control. Target gene DNAs corresponding to the coding regions of the indicated genes were generated by PCR and were immobilized on a nylon membrane at levels calculated to be in excess relative to the corresponding snRNA population in the nuclei. Hybridizations were performed for 16 h at 42°C in hybridization buffer containing 50% formamide. Membranes were then washed extensively in 2ϫ SSC (1ϫ SSC is 0.15 M NaCl plus 0.015 M sodium citrate) and 0.1% sodium dodecyl sulfate (SDS) at 50°C. Hybridized RNA transcripts were visualized by autoradiography for 7 days. Similar results were observed when signals were normalized to glyceraldehyde-3-phosphate dehydrogenase (GAPDH) expression by varying the exposure time (data not shown).
RNA isolation and RT-PCR. RNA was isolated using the TRIzol reagent as recommended by the manufacturer (Gibco-BRL). RNA preparations were quantified by UV spectrometry and examined for integrity by agarose formaldehyde morpholinepropanesulfonic acid gel electrophoresis. Reverse transcription-PCR (RT-PCR) was performed by a two-step procedure using U1-, U6-, and GAPDH-specific primers. The primers used for amplification of each gene were the following: U1 forward, 5Ј-ATACTTACCTGGCAGGGGAG-3Ј; U1 reverse, 5Ј-CAGGGGGAAAGCGCGAACGCA-3Ј; U6 forward, 5Ј-GGAATCTAGAA CATATACTAAAATTGGAAC-3Ј; U6 reverse, 5Ј-GGAACTCGAGTTTGCG TGTCATCCTTGCGC-3Ј; GAPDH forward, 5Ј-AGGTCATCCCTGAGCTGA AC-3Ј; and GAPDH reverse, 5Ј-GCAATGCCAGCCCCAGCGTC-3Ј.
Expression and purification of recombinant proteins. Glutathione S-transferase (GST), GST-tagged full-length human p53, and a GST-tagged C terminus of human p53 (amino acids 301 to 393) [p53 (301-393)] were expressed in Escherichia coli BL21(DE3) codonϩ cells (Stratagene) and were affinity purified by binding to glutathione agarose beads (Sigma). GST and GST-p53 were then eluted from beads in HEMGT-150 buffer containing 50 mM glutathione for 4 h at 4°C or, alternatively, untagged p53 was obtained by digestion with thrombin. Proteins were further purified by chromatography using a Mono-Q (HR5/5) column (Pharmacia) and were concentrated by centrifugation using a Centricon YM-30 spin column (Millipore) in HEMGT-80 buffer (20 In vitro transcription assays. In vitro transcription assays were performed as described previously (21, 43) using 18, 2, 2, and 10 l of HeLa cell nuclear extract for the U1 snRNA, U6 snRNA, 5S rRNA, and adenovirus major late promoter (AdML) transcription reactions, respectively. The pU1-4.0 (1 g), pU6/Hae/ RA.2 (250 ng), pH5Ssa (250 ng), and M13-AdML (250 ng) templates were used for the U1 snRNA, U6 snRNA, 5S rRNA, and AdML transcription reactions, respectively. Purified p53 or GST-tagged p53 proteins were added in the amounts indicated in the figure legends. Transcription reactions were performed for 1 h at 30°C. Transcripts were separated by denaturing 6% polyacrylamide gel electrophoresis (PAGE) and visualized by autoradiography.
Chromatin immunoprecipitation assay. Chromatin immunoprecipitation assays were performed as described previously (25) . Human MCF-7 cells were grown to 60 to 80% confluence and were then cross-linked with 1% formaldehyde for 30 min at room temperature. After cell lysis and sonication, immunoprecipitation reactions were performed overnight at 4°C using chromatin from approximately 10 7 cells per reaction mixture and 1 g of each antibody. The anti-p53 antibodies used were the following: anti-p53 (21-25) (Ab-6; Oncogene), anti-p53 (371-380) (Ab-1; Oncogene), anti-p53 (213-217) (Ab240; Pharmingen), anti-acetyl-p53 (373 ϩ 382) (Upstate), and anti-acetyl-p53 (320) (Upstate). Recovered chromatin was suspended in 50 l of H 2 O, and PCR analysis was performed using 5 l of immunoprecipitated chromatin or input chromatin. The primers used for amplification of each gene were the following: U1 forward, 5Ј-CACGAAGGAGTTCCCGTG-3Ј; U1 reverse, 5Ј-CCCTGCCAGGTAAGT ATG-3Ј; U2 forward, 5Ј-AGGGCGTCAATAGCGCTGTGG-3Ј; U2 reverse, 5Ј-TGCGCTCGCCTTCGCGCCCGCCG-3Ј; U6 forward, 5Ј-GTACAAAATA CGTGACGTAGAAAG-3Ј; U6 reverse, 5Ј-GGTGTTTCGTCCTTTCCAC-3Ј; GAPDH forward, 5Ј-AGGTCATCCCTGAGCTGAAC-3Ј; GAPDH reverse, 5Ј-GCAATGCCAGCCCCAGCGTC-3Ј; U1 upstream forward, 5Ј-GAACTTACT GGGATCTGG-3Ј; U1 upstream reverse, 5Ј-GAGACAACTGAGCCACTTG-3Ј; p21 upstream forward, 5Ј-CCGCTCGAGCCCTGTCGCAAGGATCC-3Ј; p21 upstream reverse, 5Ј-GGGAGGAAGGGGATGGTAG-3Ј. PCR products were separated by 2% agarose electrophoresis in Tris-borate-EDTA buffer and were stained with ethidium bromide.
Immunoprecipitations from in vitro transcription reactions. In vitro transcription assay mixtures containing U1 or U6 promoter plasmids and equal molar amounts of pUC119 were performed as described previously (25) in the absence or presence of full-length GST-p53 (wild-type or R175H), GST-p53 (301-393), or GST. Five microliters of each transcription reaction mixture was diluted to 500 l and was cross-linked in 1% formaldehyde for 10 min at room temperature, quenched with 125 mM glycine for 10 min at room temperature, and immunoprecipitated with immunoglobulin G (IgG), anti-SNAP43 (CS48), or anti-p53 (Ab-1; Oncogene) antibodies. Recovered plasmid DNA was analyzed by PCR using primers specific to the U1 and U6 promoter regions or to pUC119 as a negative control.
DNase I footprinting. Footprinting assays were generally performed as described elsewhere (4) . Linear DNA encompassing the human U1 promoter from Ϫ151 to ϩ13 was generated by PCR using primers that were end labeled with [␥-32 P]ATP by using T4 polynucleotide kinase (New England BioLabs). U1 promoter probes were incubated with increasing amounts of recombinant GSTp53 for 40 min at room temperature and were then digested with 0.04 U of
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DNase I (Roche) for 2 min at room temperature. The resultant fragments were purified and separated by 8% denaturing PAGE. Footprints were visualized by autoradiography and were mapped relative to sequencing ladders generated from the same labeled primers used to generate the U1 promoter probes. EMSA. Electrophoretic mobility shift assays (EMSA) were performed as described elsewhere (7) . The amounts of p53 used are indicated in the figure legends. Reaction mixtures were incubated at room temperature for 20 min prior to addition of radiolabeled probes. Unless otherwise noted, the U1 probe encompasses Ϫ312 to ϩ13 and the U6 probe encompasses Ϫ267 to ϩ1. DNA binding reactions were carried out at room temperature for 20 min, and resulting DNA-protein complexes were separated on a 4% polyacrylamide gel in 0.5ϫ Tris-borate-EDTA running buffer at 150 V. Complexes were visualized by autoradiography.
Coimmunoprecipitation and GST pull-down experiments. GST pull-down assays were performed as previously described (25) . Coimmunoprecipitation assays were performed using 5 mg of total protein contained in MCF-7 nuclear extracts from untreated or UV-treated cells and 2 g of rabbit anti-SNAP43 antibodies (CS48) (22) . Western blot analyses of recovered proteins were performed using anti-SNAP43 (CS48), anti-p53 (Ab-6; Oncogene), and anti-galectin-3 (Mac2) antibodies. The reciprocal immunoprecipitation reactions were performed using 2 g of anti-p53 antibody (Ab-6) with approximately 1.6 or 5 mg of MCF-7 extract, followed by anti-SNAP43 Western blot analysis.
RESULTS
p53 represses human snRNA gene transcription by both RNA polymerases II and III. To determine whether p53 can repress U1 transcription by RNA polymerase II, as has been previously shown for U6 transcription by RNA polymerase III (5, 9), the effect of recombinant p53 on human U1 in vitro transcription was tested. The recombinant full-length wild-type p53 and the GST proteins used for these experiments are shown in Fig. 1A . As shown in Fig. 1B , p53 effectively repressed correctly initiated U1 transcription (labeled U1 5Ј) by RNA polymerase II, and this repressive effect was specific, because concomitant RNA polymerase II transcription of an mRNA read-through transcript derived from the same plasmid was unaffected in these reactions. As a positive control for p53 activity, human U6 snRNA gene transcription was tested. Indeed, the same amounts of p53 effectively repressed U6 snRNA transcription by RNA polymerase III, while RNA polymerase II transcription from the AdML was unaffected. Therefore, p53 can repress human snRNA gene transcription by both RNA polymerases II and III.
As a first step towards understanding the mechanism for p53 repression of U1 and U6 transcription, a time course for p53 repression was performed (Fig. 1C) . As a positive control, p53 repression of 5S rRNA gene transcription was also examined. To ensure maximal repression, an excess of p53 was used, because 5S rRNA gene transcription appears less sensitive to p53 repression (9) (data not shown). As was demonstrated previously (5), p53 can repress 5S rRNA transcription when added to reactions concomitantly with nuclear extract (lane 2) or nuclear extract plus template DNA (lane 3) prior to initiation of transcription by nucleotide addition. However, p53 did . Fifty nanograms of p53 represents an approximate 2:1 molar ratio of monomeric p53 to U1 promoter template DNA and an approximate 8:1 molar ratio to the U6 and AdML promoter plasmids. p53 effectively repressed correctly initiated U1 transcription (U1 5Ј) and U6 transcription (U6 5Ј), but it didn't affect read-through (RT) transcription from the U1 reporter plasmid or transcription from the AdML promoter. (C) U1, U6, and 5S rRNA in vitro transcription reaction mixtures were supplemented with 800 ng of active or heat-inactivated p53 (lanes 2 to 4 and lanes 5 to 7, respectively) at different times, as indicated. Transcription was allowed to proceed for an additional 60 min. Recombinant p53 repressed U6 gene transcription both prior to and after preinitiation complex assembly but did not repress U1 and 5S rRNA gene transcription after the formation of a preinitiation complex. not repress 5S rRNA transcription when the nuclear extract was preincubated with template DNA prior to p53 addition (lane 4). Presumably, p53 cannot repress 5S rRNA gene transcription after the formation of a preinitiation complex. For all time points, repression was specific for functional p53, because repression was disabled by heat inactivation of p53 (lanes 5 to 7). In contrast, p53 could effectively repress U6 transcription by RNA polymerase III even after the nuclear extract had been preincubated with the template DNA. This result suggests that the U6 preinitiation complex is not recalcitrant to p53 repression. Surprisingly, the pattern for p53 repression of U1 transcription by RNA polymerase II was similar to that of 5S rRNA rather than the U6 repression pattern. This observation suggests that formation of a preinitiation complex could render U1 snRNA genes refractory to p53 repression. This result also suggests that p53 represses U1 and U6 snRNA gene transcription by different mechanisms.
As UV light exposure activates p53, this treatment was used here to determine whether p53 is involved in human snRNA transcriptional regulation in vivo. The majority of in vivo studies presented herein were performed with human MCF-7 breast adenocarcinoma cells, because these cells exhibit a robust increase in p53 levels in response to UV light treatment ( Fig. 2A , lanes 4 to 6) compared to human HeLa cervical carcinoma cells, wherein p53 levels are low and remain unchanged after UV light exposure (lanes 1 to 3).
To determine the effect of UV light on snRNA gene transcription, nuclear run-on experiments were performed using nuclei harvested from HeLa and MCF-7 cells before and 8 h after UV light exposure. As shown in Fig. 2B , UV light treatment of HeLa cells did not substantially affect U1 transcription by RNA polymerase II compared to cells that did not receive UV light exposure. Similarly, U6 snRNA and 5S rRNA transcription by RNA polymerase III was unaffected, suggesting that the transcription of these genes is insensitive to UV light. These results for U1 transcription are in contrast with that previously described wherein U1 transcription in nuclear run-on assays was markedly reduced 2 h after UV light treatment of HeLa cells (48) . In the present study, the 8-h posttreatment time point was selected because RNA polymerase II is ubiquitylated and degraded in response to UV light but normal levels are restored by 6 h after UV light treatment (46) . Additionally, a longer recovery period after UV light treatment was desirable to allow sufficient time for DNA damage repair.
In contrast with HeLa cells, MCF-7 cells exhibited a marked reduction in U1 transcription 8 h after UV light treatment. Additional studies revealed that repression was already established by 4 h posttreatment (data not shown). Interestingly, UV light elicited different effects on RNA polymerase IIItranscribed genes, causing reduced U6 transcription while stimulating 5S rRNA transcription. In all cases, the signals detected for these transcripts are specific, because no hybridization to pUC119 was detected in any of these experiments. Therefore, U1 and U6 transcription exhibits cell type-specific responses to UV light treatment, with UV light invoking a prolonged repressive effect in MCF-7 cells but not in HeLa cells. In two independent replicates of this experiment, U1 and U6 transcription levels were reduced to 42 and 39%, respectively, of the untreated sample levels, whereas 5S RNA transcription rates were increased to 170%. Stimulated 5S rRNA gene transcription under these conditions was unexpected but does indicate that the 5S rRNA transcriptional response to DNA damage depends upon cellular p53 status.
To determine whether p53 contributes to regulation of endogenous snRNA genes, p53 was overexpressed in HeLa cells and the effect on endogenous U1, U6, and 5S rRNA gene transcription was again measured by nuclear run-on assays. As shown in Fig. 2C , increased p53 expression was correlated with diminished U1 transcription. In contrast, U6 transcription was unaffected, whereas 5S rRNA transcription was stimulated. The reason for the unresponsiveness of U6 transcription to p53 expression is unknown, but p53 may require additional UV light-stimulated modification for activity at this gene. Interestingly, the expression pattern for U1 snRNA and 5S rRNA transcription in response to p53 expression is similar to that observed with UV light treatment of MCF-7 cells, consistent with the idea that p53 regulates these genes in response to DNA damage.
Endogenous p53 associates with human snRNA gene promoters. Chromatin immunoprecipitation experiments were then performed to determine whether p53 is directly involved in the regulation of endogenous snRNA genes in response to UV light. As shown in Fig. 2D , substantial enrichment of U1 was observed in HeLa cells. (B) UV light represses transcription of endogenous human U1 and U6 snRNA genes in MCF-7 cells, but not in HeLa cells. Nuclear run-on assays measuring polymerase density at U1 snRNA, U6 snRNA, and 5S rRNA genes in nuclei from untreated HeLa cells (lane 1) or MCF-7 cells (lane 3) were compared to results with nuclei harvested 8 h after UV light treatment (lanes 2 and 4). After hybridization, membranes were exposed to film for 7 days. Similar trends were also obtained when exposure times were varied to normalize to GAPDH gene transcription, which was unaffected by UV light treatment in these assays (data not shown). and U2 snRNA promoter DNA was observed in anti-p53-immunoprecipitated samples (lanes 4 and 5) with chromatin harvested from MCF-7 cells prior to UV light treatment, and these levels were markedly enriched by using chromatin harvested from cells 8 h after UV light treatment. In contrast, only low levels of U6 promoter DNA were enriched in the anti-p53-immunoprecipitated samples prior to UV light treatment, but promoter recovery was noticeably enhanced after treatment. Previously, it was shown that p53 is acetylated within its C terminus in response to DNA damage, which may stimulate DNA binding by p53 (18, 44) and increase recruitment of coregulatory proteins (2) . Furthermore, acetylation but not phosphorylation of p53 within the C-terminal domain contributes to fragile site formation at the U2 snRNA gene loci, indicating that p53 acetylation may be important for p53 function at snRNA genes (71) . Therefore, immunoprecipitation reactions were also performed with antibodies that specifically recognize p53 acetylated at K320 or at K372 and K382 (Fig.  2D) . Interestingly, significant levels of U1 and U2 promoter enrichment were observed with antibodies that recognize acetylated p53 (lanes 5 and 6), but UV light treatment either did not affect promoter enrichment or caused a modest reduction. In contrast, no significant recovery of U6 promoter DNA was obtained with antibodies that recognize acetylated p53. Enrichment of the p21 promoter (Ϫ1.4 kb site) in the antip53-immunoprecipitated samples was low prior to UV light treatment, but recovery increased significantly after treatment, as has been previously demonstrated (30) . UV light treatment also resulted in increased p21 promoter enrichment for those reactions performed using anti-acetylated p53 antibodies. Together, these data indicate that p53 associates with the endogenous U1 and U2 snRNA gene promoters prior to genotypic stress and UV light stimulates p53 association with these promoters, although the apparent proportion of p53 that is acetylated decreases. Second, low levels of p53 associate with the U6 promoter prior to stress and UV light stimulates p53 promoter association, but this p53 is not acetylated to a significant degree. These observations are in contrast to those seen with the p21 promoter, where p53 association is low but the total p53 level and proportion that is acetylated increase in response to UV light treatment. The data in Fig. 2E show that neither U1 nor p21 promoter association by p53 was observed in HeLa cells (lane 5) using an anti-p53 antibody that efficiently recovered these DNA segments from MCF-7 cells (lane 6). As previously observed for MCF-7 cells, UV light also did not affect SNAP C occupancy at the U1 promoter in HeLa cells (lane 3).
Human snRNA molecules are abundant and very stable (13, 17, 68) and, thus, it is not clear what effect diminished U1 transcription would have on overall U1 snRNA levels. Therefore, RT-PCR assays were employed to determine the effect of UV light on steady-state U1 and U6 snRNA levels. As shown in Fig. 2F (top panel) , addition of increasing amounts of total cellular RNA harvested from untreated MCF-7 cells resulted in a linear amplification of U1 sequences (lanes 3 to 7), thus demonstrating that this assay is suitable for measuring changes in steady-state U1 snRNA levels. Similar preliminary experiments were performed to determine the range for linear amplification of both U6 snRNA and GAPDH mRNA (data not shown). Under these conditions, U1 steady-state levels were noticeably reduced 8 h after UV light treatment, whereas U6 snRNA and GAPDH mRNA levels remained relatively stable before and after treatment. In three independent replicates of this experiment, the steady-state level of U1 snRNA at 8 h posttreatment was 43% of levels in untreated cells (data not shown). The reduction in U1 steady-state levels in response to UV light could be attributable to increased degradation of this RNA, decreased transcription from U1 snRNA genes, or a combination of both factors. U1 snRNA is traditionally viewed as extremely stable, with a half-life greater than 24 h and, thus, little change was expected in steady-state U1 levels by 8 h, even if transcription were completely repressed. The kinetics of the decrease in U1 steady-state levels and the results shown in Fig.  2B suggest that both a reduction in U1 transcription and an increase in U1 snRNA degradation contribute to reduced U1 snRNA levels after UV light treatment. Together, these results indicate that UV light initiates a complicated network of control governing expression of human snRNA genes.
Human U1 snRNA gene core promoters contain a highaffinity p53 binding site. As a first step towards understanding the mechanism for p53 repression, EMSA were performed to determine whether p53 could bind directly to human U1 snRNA gene promoters. Indeed, recombinant p53 bound extremely well to a U1 probe encompassing the region from Ϫ422 to ϩ13 of the promoter (Fig. 3A, lanes 2 to 4) . Competition experiments suggest that p53 affinity for the U1 promoter is comparable to the p53 binding element contained within the GADD45 promoter (data not shown). Interestingly, two different complexes formed on the U1 promoter probe, suggesting that the U1 promoter may contain two p53 binding elements. The protein-DNA complexes formed on these probes are due to p53, because inclusion of anti-p53 antibodies in the DNA binding reactions retarded the migration of these complexes (data not shown). To determine the location of the high-affinity p53 binding element, EMSA was also performed with probes containing different regions of the promoter. Strong binding of p53 to DNA was observed in reactions with equivalently labeled probes containing the Ϫ312 to ϩ13 and Ϫ150 to ϩ13 regions of the promoter. Consistently, low-affinity binding was observed in probes containing the Ϫ422 to Ϫ152 and Ϫ312 to Ϫ152 promoter regions. Together, these data indicate that the high-affinity p53 binding element is contained between Ϫ150 and ϩ13 of the U1 core promoter. DNase I footprinting experiments were then performed to further map the location of the high-affinity p53 binding element. As shown in Fig. 3B , those reactions in which the template strand was end labeled exhibited two sites of protection (labeled F1 and F2) in the presence of GST-p53 (left panel), whereas three regions (F1Ј, F2Ј, and F3Ј) were protected in reactions with the labeled nontemplate strand (right panel). The F1Ј and F3Ј regions correspond to the same region as the F1 footprint (hereafter referred to as p53 footprint 1), whereas the F2 and F2Ј regions map to the same region (hereafter referred to as p53 footprint 2). Interestingly, the regions protected by p53 flank the PSE, which is required for DNA binding by SNAP C and is an essential promoter element for highlevel expression of human snRNA genes. The juxtaposition of p53 footprints1 and 2 with the PSE raises the possibility that p53 represses U1 transcription by occluding SNAP C promoter 3252 GRIDASOVA AND HENRY MOL. CELL. BIOL.
binding. However, to date we have not observed any effect of p53 on promoter recognition by SNAP C (data not shown). p53 repression and sequence-specific DNA binding are separable activities. As a transcription factor, p53 can either activate or repress transcription, depending upon the structure of the target gene promoter. Notably, p53 can activate transcription from gene promoters that contain consensus p53 binding elements (12) . A few examples have been described where p53 represses target genes that contain consensus p53 binding elements (reviewed in reference 26), but it is generally believed that p53 can repress transcription of other target genes whose promoters lack specific p53 recognition elements or contain a noncanonical p53 binding element (29) . A comparison of p53 binding elements from target genes that are activated by p53 revealed that a consensus p53 binding site contains two half sites separated by 0 to 13 bp (50). Each half site contains two quarter sites containing the sequence PuPuPuC(A/T) arranged in a head-to-head orientation. Interestingly, the p53 footprint 1 region contains a sequence that is similar to the consensus p53 binding element usually associated with transcriptional activation by p53 (Fig. 4A) .
To investigate the contribution of the high-affinity p53 binding element for U1 promoter recognition and transcriptional repression, a scanning mutagenesis of the U1 core promoter was performed. The sequence of the U1 core promoter region and the location of the p53 footprints are shown in Fig. 4A . This figure also shows the location and identity of the mutations introduced into the U1 core promoter. The ability of recombinant p53 to bind DNA probes harboring these mutations was tested by EMSA (Fig. 4B) . The majority of mutations throughout the U1 core promoter, including mutations within the region corresponding to p53 footprint 2 (U1-4.5 and U1-4.6 probes), had no significant effect on DNA binding by p53. A slight reduction for p53-DNA complex 2 formation for the U1-4.5 and U1-4.6 probes seen in this figure was not observed in replicates of this experiment. In contrast, mutations within the p53 footprint 1 region caused a marked reduction in p53 binding to the U1 promoter. The strongest effect was seen with the U1-4.9, U1-4.10, and U1-4.11 probes, whereas the U1-4.8 probe exhibited only a modest reduction in p53 binding. Formation of both p53-DNA complex 1 and p53-DNA complex 2 was affected by these mutations. These data indicate that the region adjacent to the U1 transcriptional start site contains the high-affinity p53 binding element. Next, the requirement of the high-affinity p53 binding element for p53 repression was tested. As shown in Fig. 4C , recombinant p53 effectively repressed transcription from all U1 reporter constructs tested. Neither single nor double sets of mutations within the p53 footprint 1 region or within both p53 footprint 1 and 2 regions had a major effect on p53 repression ability. In some cases, mutation of the U1 core promoter caused a slight reduction in transcription in the absence of p53, which suggests that factors binding to these regions may have a positive role in U1 transcription in the absence of added p53. To more carefully examine the contribution of the high-affinity p53 binding element to p53 transcriptional repression, a titration of p53 was performed on the wild-type U1 reporter (U1-4.0) and mutant U1 reporter (U1-4.9 ϩ 4.10), which harbors two sets of mutations within the high-affinity p53 binding element (Fig. 4D, left panel) . Transcription initiated from the U1 promoter was quantified, and levels were normalized to levels in transcription reactions containing no added p53 for each U1 reporter construct. The average U1-specific response from two replicates of this experiment is shown in Fig. 4D (right panel) . This analysis revealed that both U1 reporter constructs exhibited similar repression responses to increasing amounts of p53. Together these data indicate that the high-affinity p53 binding element contained within the human U1 core promoter region is not required for in vitro transcriptional repression by p53.
The p53 C terminus contributes to both RNA polymerase II and III repression. Our previous data suggested that p53 is an effective repressor of U6 transcription by RNA polymerase III. Therefore, p53 binding to the U6 promoter was next investigated to determine the contribution of sequence-specific DNA binding by p53 to the repression of RNA polymerase III transcription. As shown in Fig. 5A , p53 binds well to the U1 promoter probe in EMSA, as expected, but approximately 10-to 20-fold less well to the U6 promoter probes (lanes 6 to 8). The weak binding by p53 to the U6 promoter probe suggests that p53 may not rely on direct promoter recognition to mediate RNA polymerase III repression. However, it is possible that p53 binds DNA specifically elsewhere in the reporter constructs during repression.
To determine whether DNA binding by p53 is important for repression of U1 and U6 transcription, a point mutation in the p53 DNA binding domain was introduced to eliminate sequence-specific DNA binding. In particular, the arginine at position 175 was changed to a histidine (R175H) to mimic a hot spot mutation commonly found in human cancers. Additionally, the C-terminal region of p53 (301-393) was tested for activity, because this region is sufficient for chromosome fragile site formation at the multicopy U1 and U2 snRNA gene loci during adenovirus infection (38, 71) . First, the wild-type and mutant GST-p53 proteins were tested for DNA binding activity in EMSA using probes encompassing the U1 core promoter region. As shown in Fig. 5B , only the wild-type recombinant GST-p53 bound effectively to the U1 promoter DNA while the GST-p53 (R175H) and GST-p53 (301-393) proteins were completely inactive in this assay. Next, the ability of these proteins to regulate in vitro U1 and U6 transcription by RNA polymerases II and III, respectively, were tested (Fig. 5C) . Interestingly, GST-p53 (R175H) repressed U1 transcription as effectively as wild-type GST-p53, whereas GST-p53 (301-393) was approximately twofold less effective, but still capable of repression. Both mutant GST-p53 proteins repressed U6 transcription, but GST-p53 (R175H) was less effective than either wild-type GST-p53 or GST-p53 (301-393), which were equivalently active in these assays. In these assays, the repression of RNA polymerase III transcription by p53 (R175H) is in contrast with previous experiments, wherein the introduction of the R-to-H mutation switched p53 from a repressor to an activator of general RNA polymerase III transcription (57) . These data herein indicate that DNA binding by p53 is not essential for repression of U1 and U6 snRNA gene transcription by RNA polymerases II and III, respectively, and the C-terminal region encompassing amino acids 301 to 393 is sufficient for p53 repression activity.
Next, recruitment of the mutant p53 proteins to the U1 and U6 promoters during repression was examined. Portions of in vitro transcription reaction mixtures containing wild-type or mutant GST-p53 proteins were cross-linked with formaldehyde prior to immunoprecipitation by using antibodies directed against SNAP43 or p53. Transcription reaction mixtures containing GST or no added proteins were also tested. The specific recoveries of the U1 and U6 promoter-containing plasmids were compared to recovery of an irrelevant plasmid (pUC119) included in the original transcription assay mixtures. As shown in Fig. 5D , significant U1 and U6 reporter plasmid 8) . Neither wild-type nor mutant p53 affected reporter enrichment by anti-SNAP43 immunoprecipitation, suggesting that p53 may not disrupt SNAP C promoter binding during repression. However, it is difficult to eliminate the possibility that SNAP C can bind to both actively transcribed and inactive templates, whereas p53 may be specifically bound to only those active templates containing a complete preinitiation complex. When the untreated U1 and U6 transcription assays were used for anti-p53 immunoprecipitation, only background levels of reporter plasmid enrichment were observed (lanes 5 and 10). The U6 core promoter does not contain a high-affinity p53 binding element. EMSA was performed with increasing amounts of recombinant p53 (0, 80, 160, and 320 ng) and equivalently labeled double-stranded DNA probes encompassing the U1 core promoter (lanes 1 to 4) and U6 core promoter (lanes 5 to 8). (B) Direct U1 promoter recognition requires the p53 DNA binding domain. EMSA were performed with a wild-type U1 promoter probe (Ϫ151 to ϩ13) using 250, 500, and 1,000 ng of full-length wild-type or mutant (R175H) GST-p53 (lanes 2 to 4 and 5 to 7, respectively). Reactions containing truncated GST-p53 (301-393) or GST alone are shown in lanes 8 to 10 and 11 to 13, respectively. Lane 1 contains no added protein. (C) Wild-type and mutant GST-p53 repress transcription similarly. Approximately 100, 200, and 400 ng of wild-type GST-p53 (lanes 2 to 4), GST-p53 (R175H) (lanes 5 to 7), GST-p53 (301-393) (lanes 8 to 10), or 400 ng of GST (lane 11) were titrated into U1, U6, and AdML in vitro transcription reaction mixtures. Both wild-type and mutant p53 molecules repressed U1 and U6 transcription, whereas AdML transcription was unaffected. (D) The p53 DNA binding domain is not required for U1 and U6 promoter association during repression. A portion of untreated or p53 repressed U1 and U6 in vitro transcription reaction mixtures (lanes 1, 4, 7, 10, and 11 in panel C) was cross-linked with formaldehyde and subjected to immunoprecipitation with anti-SNAP43 (lanes 3 and 8), IgG (lanes 4 and 9), or anti-p53 (lanes 5 and 10) antibody. Enrichment of the U1 and U6 reporter plasmids or negative control pUC119 DNA was compared by PCR using promoter-specific or pUC-specific primers. Lanes 1, 2, 6, and 7 show the amplification directly from the input DNA (10 and 1% in lanes 1 and 2 for U1 and lanes 6 and 7 for U6, respectively) contained in the transcription assay mixtures prior to immunoprecipitation. The results of PCRs using the pUC-specific primers under all conditions were indistinguishable and are shown only for the reactions containing added wild-type GST-p53.
This result was expected, because these assays were performed using HeLa cell nuclear extracts, which contain very low levels of endogenous p53. However, significant recovery of the U1 and U6 promoter plasmids was observed in reactions containing additional wild-type p53. Interestingly, U1 and U6 reporter DNA enrichment was also observed in reactions containing the mutant p53 (R175H) and p53 (301-393) proteins. In all cases, recovery of the reporter-containing plasmids was substantially greater than that observed for the irrelevant pUC119 plasmid (Fig. 5D, bottom panel, and data not shown) . These results indicate that p53 can associate with the U1 and U6 promoters during repression. The preferential association of the mutant p53 proteins with the promoter-containing plasmids suggests that during repression p53 is actively recruited to U1 and U6 promoters independently of sequence-specific DNA binding by p53. Furthermore, the C-terminal domain of p53 is likely critical for promoter recruitment.
p53 associates with general transcription factor SNAP C . Promoter association by p53 in the absence of direct DNA binding suggests that protein-protein interactions are critical for p53 recruitment. Furthermore, p53 was capable of repressing both U1 and U6 transcription by RNA polymerases II and III, raising the possibility that a factor commonly used for these genes could be targeted by p53. Both the general transcription factors SNAP C and TBP are utilized during transcription of these genes and are thus candidate p53 targets. Indeed, TBP has been shown to interact strongly with p53 within the Nterminal activation domain and the C-terminal oligomerization domain (16, 41, 61) . To determine whether p53 could potentially target SNAP C , coimmunoprecipitation assays were performed using antibodies directed against the SNAP43 subunit of SNAP C . The association of endogenous p53 with SNAP43 was measured by Western analysis before and after UV light treatment. As shown in Fig. 6A, p53 was not detected in anti-SNAP43 immunoprecipitation reactions prior to UV treatment, but p53 recovery increased by 4 h and continued to increase by 24 h after UV light treatment. No recovery of the splicing factor galectin-3 was observed in these reactions. Reciprocal anti-p53 immunoprecipitation assays were performed using extracts prepared from MCF-7 cells that were untreated or UV light treated (8 h posttreatment). As shown in VOL. 25, 2005 p53 REPRESSION OF HUMAN snRNA GENE TRANSCRIPTION 3257 7). Together, these data indicate that UV light modulates the association between endogenous p53 and SNAP C . GST pull-down experiments were then performed to determine whether p53 could interact with TBP and individual components of SNAP C (Fig. 6C) . In these assays, full-length GSTp53 interacted well with TBP and SNAP43 while SNAP190 interacted only weakly in this assay. No significant interactions were observed for GST-p53 with SNAP50, SNAP45, and SNAP19. Interestingly, truncating p53 to include only the Cterminal domain abolished interactions with SNAP43 but stimulated interactions with SNAP190. These observations suggest that p53 may interact with TBP and SNAP C to correctly target human snRNA genes for repression.
DISCUSSION
The p53 tumor suppressor protein acts as a transcriptional activator in response to cellular stress, but it is also competent for concomitant repression of other sets of target genes. The data presented herein demonstrate that endogenous p53 associates with human snRNA gene promoters and that UV light exposure stimulates p53 association with both U1 and U6 snRNA genes. These in vivo data indicate that p53 is directly involved in the regulation of human snRNA gene transcription by both RNA polymerases II and III. That recombinant p53 effectively repressed both U1 and U6 snRNA gene transcription in vitro suggests that these genes similarly could be repressed by p53 in response to DNA damage in vivo. Indeed, cellular U1 and U6 snRNA gene transcription is down regulated in p53-positive MCF-7 cells after UV light exposure. In contrast, transcriptional repression was not observed in p53-deficient HeLa cells after UV light exposure.
The data presented herein also suggest that p53 uses different mechanisms to repress U1 and U6 transcription. First, U1 snRNA genes contain a high-affinity p53 binding element located with the core promoter region adjacent to the PSE. Second, U6 snRNA genes remain sensitive to p53 repression after preinitiation complex assembly, whereas U1 snRNA genes become refractory to p53 influence, suggesting that the potential targets required for RNA polymerase II repression may be unavailable for p53 interaction after preinitiation complex assembly. Thus, it is tempting to speculate that p53 interferes with SNAP C or TBP promoter occupancy during repression, which for U1 genes could involve direct competition between p53 and SNAP C for adjacent promoter elements. However, the high-affinity p53 binding element is clearly not required for U1 repression in vitro, and the levels of SNAP C detected on U1 and U6 snRNA gene promoters by chromatin immunoprecipitation do not substantively change in response to UV light, even though there is a substantial increase in p53 association. Consistently, we have not observed any effect of full-length p53 on PSE binding by SNAP C in EMSA (data not shown). We currently favor the hypothesis that p53 interferes with snRNA gene transcription at steps occurring after promoter association by SNAP C .
As U1 and U6 snRNA gene transcription relies on different assemblies of transcription factors, it is likely that to enact repression p53 targets different factors specifically required for RNA polymerase II or III transcription. For RNA polymerase II transcription, one candidate is TFIIH, which can interact with p53 (67, 70) . TFIIH may be utilized during transcription of human U1 snRNA genes, as removal of TFIIH from extracts impairs U1 snRNA gene transcription (32) . However, U1 transcription was not reconstituted in the depleted extracts by addition of purified TFIIH, suggesting that additional factors may complement the purified TFIIH for activity (32) . A second candidate coregulator is the Cockayne syndrome group B (CSB) protein, which also can interact with p53 (67) . CSB was originally suggested to play a role in DNA repair and, more recently, was shown to interact with RNA polymerase II (63) . CSB may be an elongation factor (34, 56, 59, 62) which could mediate transcription of genes encoding RNA products with significant secondary structure, such as human U1 and U2 snRNA genes. As previously described for p53, mutations in CSB also cause chromosomal fragile site formation at U1 and U2 snRNA genes (71) , suggesting that CSB may play a role in transcription of these genes by RNA polymerase II. It was hypothesized that activated p53 interferes with CSB-mediated elongation to cause RNA polymerase II stalling at U1 and U2 snRNA genes (71) . The data presented herein support a role for p53 in mediating repression of U1 snRNA gene transcription by RNA polymerase II, but whether CSB is involved in this process is not yet known.
During genomic threats, p53 is stabilized from destruction and activated by a cascade of posttranslational modifications, including phosphorylation and acetylation. Acetylation of p53 has been suggested to increase sequence-specific DNA binding by p53 (18, 44) and to stimulate cofactor recruitment, such as the p300 histone acetyltransferase, during activated transcription of p53 target genes (2, 15) . Thus, it is interesting that while acetylated p53 was detected at human U1 genes prior to UV light exposure, the level of acetylated p53 at these genes was not stimulated by UV light even though a substantial increase in the total p53 levels at these genes was observed. Furthermore, little to no acetylated p53 was observed at a U6 snRNA gene promoter after UV light treatment, indicating that most of the p53 associated with this gene is not acetylated. One possibility is that p53 recruits a histone deacetylase to enact repression, and this enzyme deacetylates p53. Another possibility is that p53 acetylation is not compatible with transcriptional repression. For example, the sites of p53 acetylation are all located in the C-terminal region (18, 40, 53) , and this region is sufficient for transcriptional repression of human U1 and U6 snRNA gene transcription. Presumably, the p53 C terminus makes key protein-protein contacts to enact repression and, as we have shown, this region interacts with SNAP190 and TBP. Acetylation of p53 may disrupt these contacts and prevent p53 from being recruited to these snRNA promoters. However, it is difficult to exclude the possibility that p53 acetylation is important for p53 repression where the sites of acetylation are intimately involved in protein-protein contacts and are not available for antibody recognition during chromatin immunoprecipitation. Nonetheless, p53 acetylation is unlikely to be essential for repression, because the recombinant wild-type and mutant p53 used for the U1 and U6 repression assays were not substantially acetylated. The presence of acetylated p53 at the U1 snRNA gene promoters in untreated MCF-7 cells suggests that activated p53 can bind to these genes, possibly through direct recognition of the high-affinity p53 binding element contained within the U1 snRNA gene core promoter, even though this element is not required for U1 repression in vitro. An intriguing possibility is that p53 may have dual roles at human U1 snRNA genes, with direct promoter recognition and activation functions prior to substantial DNA damage but repressive activity mediated via a different promoter-targeting mechanism after DNA damage, such as that caused by UV light.
